WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 




(11) International Publication Number: 


WO 98/29030 


A61B 5/02 


Al 










(43) International Publication Date: 


9 July 1998 (09.07.98) 



(21) International Application Number: PCT/IL97/00447 

(22) International Filing Date: 31 December 1997 (31.12.97) 



(30) Priority Data: 

60/034,701 



3 January 1997 (03.01.97) 



US 



(71) Applicant (for all designated States except US): BIOSENSE 

INC. [US/US]; Suite 10, 40 Ramland Road, Orangeburg, 
NY 10962 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): GOVARI, Assaf [IL/IL]; 
Dr. Tzipper Street 21, 26272 Kiriat Haim (IL). FENSTER, 
Maier [IL/IL]; Brandes Street 61, 49600 Petah Tikva (IL). 

(74) Agents: COLB, Sanford, T. et al.; Sanford T. Colb & Co., P.O. 
Box 2273, 76122 Rehovot (IL). 



(81) Designated States: AL, AM, AT, AT (Utility model), AU, AZ, 
BA, BB, BG, BR, BY, CA, CH, CN, CU, CZ, CZ (Utility 
model), DE, DE (Utility model), DK, DK (Utility model), 
EE, EE (Utility model), ES, FI, FI (Utility model), GB, GE, 
GH, GM, GW, HU, ID, IL, IS, JP, KE, KG, KP, KR, KZ, 
LC, LK, LR, LS, LT, LU, LV, MD, MG, MK, MN, MW, 
MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SK 
(Utility model), SL, TJ, TM, TR, TT, UA, UG, US, UZ, 
VN, YU, ZW, ARIPO patent (GH, GM, KE, LS, MW, SD, 
SZ, UG, ZW), Eurasian patent (AM, AZ, BY, KG, KZ, 
MD, RU, TJ, TM), European patent (AT, BE, CH, DE, DK, 
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI 
patent (BF, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, 
SN, TD, TG), 



Published 

With international search report. 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. 



(54) Title: PRESSURE-SENSING STENT 




(57) Abstract 

This invention is an implant apparatus for measuring a fluid flow in the body of a subject, including a stent (24) having a generally 
cylindrical radial outer wall, and a central lumen (34). A flow parameter sensor (28, 30) is fixed to the stent, and measures a parameter 
relating to a rate of blood flow through the stent (24). A transmitter transmits signals responsive to the measured parameter to a receiver 
outside the body. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


C6te d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







WO 98/29030 



PCT/IL97/00447 



PRESSURE-SENSING STENT 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent Application no. 
60/034,701, filed January 3, 1997, which is assigned to the assignee of the present patent 
application and incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to the field of vascular measurement, and in particular to 
measuring parameters relating to blood flow through a vascular stent. 

BACKGROUND OF THE INVENTION 

Atherosclerosis, narrowing of the blood vessels, is a common disease of advancing age. 
When important vessels narrow beyond a certain limit, damage to major organs of the human 
body may occur, for example, heart attacks and strokes. In addition, organs that have a 
chronically impaired blood supply do not function properly, leading in many cases to debilitating 
illnesses. 

One of the most common treatments for narrowed blood vessels is angioplasty. During 
an angioplasty procedure, a balloon is inserted into the narrowed portion of the blood vessel and 
inflated, thereby widening the lumen. In a supplementary technique, a stent is inserted into the 
blood vessel at the widened location to support the vessel (which may have been damaged by the 
angioplasty) and to maintain an open lumen. In extreme cases a portion of the circulatory 
system may be replaced with a tissue graft or with a graft manufactured of biocompatible 
materials. Newer stents are radio-opaque, and are visible under fluoroscopy, which aids in 
guiding them into position. 

It frequently occurs, however, that the blood vessel narrows again after the procedure, 
either by accumulation of plaque or other material inside the stent or graft, or by (unrelated) 
narrowing of the blood vessel at other locations. Thus, in many cases, an angioplasty procedure 
must be repeated after a time, or bypass surgery must be performed on the patient. It would be 
desirable to monitor the flow of blood inside the stent or graft, so as to determine whether 
significant narrowing has occurred. 

Various methods of measuring flow velocities and volumes are known in the art, 
including ultrasonic and electromagnetic sensors. For example, U.S. patent 5,522,394, the 
disclosure of which is incorporated herein by reference, describes an implantable probe for 
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measuring blood flow velocity. U.S. patent 5,205,292, the disclosure of which is incorporated 
herein by reference, describes an implantable probe for measuring blood flow velocity and other 
physiological parameters, which is attached to the outside of a blood vessel. U.S. Patent 
4,109,644, the disclosure of which is incorporated herein by reference, describes an implantable 
5 wireless ultrasound probe which is powered by external electromagnetic induction and transmits 
outside the body, via electromagnetic radiation, a signal indicative of ultrasound signals received 
by the probe. 

In Doppler ultrasound, the flow is irradiated with ultrasonic waves at a given frequency. 
The reflection of the ultrasound from the flow is shifted by the Doppler effect to a different 
10 frequency from the transmitted frequency. Since the Doppler shift is linearly related to the flow 
velocity, the velocity can be determined by analyzing the frequency spectrum of the reflection. 

Another type of ultrasound flow meter is the transit time flow meters, which takes 
advantage of a difference in propagation velocity between upstream propagation and 
downstream propagation of ultrasound waves. Waves traveling in the direction of flow move 
1 5 faster than waves which travel in a direction opposite the flow. 

Electromagnetic flow meters (EMF) use the well-known property that a voltage potential 
develops across a conductor moving in a magnetic field. To generate an EMF in a blood vessel, 
it is surrounded by an induction coil, which generates a magnetic field on the blood vessel. The 
voltage^that develops on the blood is measured on the blood vessel rather than on the blood. 
20 Miniature transmitters, suitable for implantation in the human body for transmission of 

physiological parameters are well known in the art. 

"Bio-Medical Telemetry (second edition)", by R. S. Mackay, published by the IEEE 
press, 1993, the disclosure of which is incorporated herein by reference, describes several types 
of miniature transmitters, which transmit measurements from implanted physiological sensors to 
25 receivers outside the body. In particular, Mackay, in chapter 5, pp. 111-147 describes pressure 
sensors for measuring various physiological parameters, including blood pressure. On page 143, 
Mackay describes a variable inductance pressure sensor which is attached to the outside of a 
vessel. The sensor includes a transmitter, which includes a coil coupled to the pressure sensor, 
such that a ferrite moves axially within the coil in response to changes in pressure, so as to cause 
30 a variation in the inductance of the coil and frequency-modulate the radiation that the coil 
transmits, such a transmitter is also described in U.S. Patent 5,497,147, the disclosure of which 
is incorporated herein by reference. 

2 
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On page 138, Mackay suggests placing a pressure sensor into the vascular system, such 
as into an artificial heart valve, but recommends against placing a pressure sensor inside the 
blood stream due to the obstruction caused by the pressure sensor and by the danger of forming 
blood clots. It is however known to place pressure sensors into the blood stream to directly 
5 measure pressure, for example, in a study described on page 33 1 of Mackay in which a pressure 
sensor was inserted into an aorta of a baboon. It is also known to use intra-vascular pressure 
sensors to control demand responsive pacemakers. 

Chapter 10 of Mackay, pp. 298-315, describes various methods of passive transmission, 
wherein the energy for sensing and transmission is provided by an outside source. In particular, a 
10 transmitter using a tunnel diode, two capacitors and a coil is described, in which one capacitor 
stores energy during a charging phase and releases the energy to an oscillator which includes the 
other capacitor, the coil and the tunnel diode. The transmitted frequency is offset from the 
received frequency. 

Use of flow of blood in a magnetic field to generate power for an implantable device, is 
15 described on page 70 of Mackay, and is suggested as being suitable only in large blood vessels. 
Using the voltage generated by such a flow for an implantable flowmeter is not suggested by 
Mackay. 

U.S. Patent 4,656,463, the disclosure of which is incorporated herein by reference, 
describes a LIMIS (Location Identification, measuring of Movement of Inventory System) which 
20 uses miniature coded transponders. 

U.S. Patents 5,073,781, 5,027,107 and 5,293,399, the disclosures of which are 
incorporated herein by reference, describe miniature transponders having no internal power 
supply. 

U.S. Patent 5,483,826, the disclosure of which is incorporated herein by reference, 
25 describes a miniature transponder for transmitting pressure values of a vessel, such as a tire. 

U.S. Patent 5,105,829, the disclosure of which is incorporated herein by reference, 
describes a passive transmitter which is adapted for implantation into the human body and which 
is capacitively coupled to the body to better transmit a signal indicative of a foreign object left in 
the body during a surgical procedure. 



3 
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SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a stent, which measures parameters 
relating to flow of a fluid therethrough, and/or parameters relating to possible occlusion of the 
5 flow, and transmits the measurement results to a receiver outside the body. 

In one aspect of the present invention, the stent is implanted in a blood vessel of a 

subject. 

In another aspect of the present invention, the stent includes no active power source, 
such as a battery, but rather receives power from an externally applied electromagnetic field. 

10 In preferred embodiments of the present invention, a stent, for implantation in a blood 

vessel in the body of a subject, comprises a flow parameter sensor and a transmitter. The flow 
parameter sensor measures a rate of flow of blood through the vessel, and the transmitter 
transmits signals responsive to the flow parameter sensor's measurement. Preferably, the signals 
are received and analyzed by a receiver outside the body, either continuously or intermittently, to 

15 determine whether flow through the vessel is occluded and, if so, to what extent. 

In some preferred embodiments of the present invention, the flow parameter sensor and 
transmitter are powered by a battery, which is preferably mechanically fixed to the stent. The 
battery is preferably a primary battery, of a type known in the art. Alternatively, the battery may 
be a rechargeable battery, and the stent may further have recharging circuitry associated 

20 therewith, for example, inductively-coupled recharging circuitry, as is known in the art. 

In other preferred embodiments of the present invention, the flow parameter sensor and 
transmitter are powered by electrical energy received from a source outside the body, and are 
active only when a suitable source of such energy is brought into proximity with the body. 

In some of these preferred embodiments, the stent comprises a resilient coil made of 

25 electrically-conductive material and coupled at both ends to circuitry associated with the flow 
parameter sensor and/or the transmitter. The energy source outside the body generates a time- 
varying magnetic field in a vicinity of the coil, which field is preferably generally aligned with a 
central axis thereof, thus causing an electrical current to flow in the coil and provide energy to 
the flow parameter sensor and/or transmitter. 

30 In some preferred embodiments of the present invention, the flow parameter sensor 

comprises an electromagnetic sensor. A magnetic field, preferably a DC magnetic field in a 
direction generally perpendicular to the long axis of the stent, is applied to the stent by a 

4 
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magnetic field generator outside the body. This magnetic field causes an magnetohydrodynamic 
electrical potential to develop across the stent, proportional to the rate of flow of the blood 
therethrough, which potential is measured by the flow parameter sensor. Preferably, the stent 
comprises only non-magnetic materials, so as not to distort the lines of magnetic field. 
5 Alternatively, the stent comprises ferro-magnetic materials which concentrate the magnetic filed 
at a region adjacent electrodes which measure the induced potential. It should be noted that 
magnets are generally undesirable in a stent as they may cause damage to local tissues by the 
chronic presence of an induced potential. 

In other preferred embodiments of the present invention, the flow parameter sensor 

10 comprises at least one pressure sensor, which generates signals responsive to pulsatile pressure 
changes in the blood vessel due to beating of the subject's heart. The relative pulsatile pressure 
change generally increases immediately upstream of a constriction in the blood vessel or within 
the stent. "Ultrasonic System for Noninvasive Measurement of Hemodynamic Parameters of 
Human Arterial- Vascular System", by Powalowski T., ARCHIVES OF ACOUSTICS, Vol. 13, 

15 Issue 1-2, pp. 89-108 (1988) and in "A Noninvasive Ultrasonic Method for Vascular Input 
Impedance Determination Applied in Diagnosis of the Carotid Arteries", by Powalowski T., 
ARCHIVES OF ACOUSTICS, Vol. 14, Issue 3-4, pp. 293-312 (1989), the disclosures of which 
are incorporated herein by reference, describe a method of estimating instantaneous blood 
pressure in a blood vessel using ultrasound (external to the body). In addition, a method of 

20 estimating a constriction and the general condition of a vascular system is described in these 
article and in Woodcock, J. P., "The Transcutaneous Ultrasonic Flow- Velocity Meter in the 
Study of Arterial Blood Velocity," Proceedings of the Conference on Ultrasonics in Biology and 
Medicine, UBIMED-70, Jablonna- Warsaw, October 5-10, 1970. 

The Woodcock article describes a method for assessing collateral circulation by 

25 analyzing two, spaced apart, flow measurements. In a preferred embodiment of the present 
invention, this is achieved using two spaced apart implanted stents and a single controller which 
receives signals indicative of flow from both stents. 

Preferably, the at least one pressure sensor comprises at least two such sensors, arrayed 
along the length of the stent. Any significant variation in the pulsatile pressure change from one 

30 of the sensors to another is generally indicative of a constriction in the stent. 

In some preferred embodiments of this type, the at least one pressure sensor comprises a 
pressure-to-frequency transducer. This transducer preferably comprises a flexible, resilient 

5 
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diaphragm fixed within a radial outer wall of the stent, so that the diaphragm expands radially 
outward in response to pressure increases within the stent and can also contract inward when the 
pressure in the stent decreases. The diaphragm is circumferentially surrounded by an electrical 
coil, fixed to the wall or contained within the wall material, which coil forms a part of a resonant 
5 circuit. A magnetic core, preferably a ferrite, is fixed to the diaphragm, so that when the 
diaphragm expands or contracts, the core is displaced relative to the coil, thus varying the 
inductance of the coil in proportion to the pressure within the stent. 

In operation, a time-varying electromagnetic excitation field is generated in a vicinity of 
the stent, preferably by a field generator, such as a coil, external to the body. The field, which 

10 preferably has a frequency at or near a resonant frequency of the resonant circuit, causes an 
electrical current to flow in the coil and thus in the resonant circuit. The coil radiates an 
electromagnetic response field having a variable characteristic, such as a phase shift or decay 
frequency relative to the excitation field, dependent on the varying inductance of the coil. The 
response field is detected by a receiver outside the body, which analyzes the variable 

15 characteristic thereof to measure changes of pressure within the stent. 

In one preferred embodiment of this type, the resonant circuit comprises a tunnel diode 
and a capacitor, coupled in series with the coil. The coil, tunnel diode and capacitor are 
preferably fixed to an outer surface of the stent and interconnected using surface-mounted 
printed circuit technology. The excitation field is alternately switched on and off, preferably in a 

20 square wave pattern. The response field will rise and fall in response to the square wave pattern, 
wherein the fall of the response field will have a characteristic, variable frequency dependent on 
the variable inductance of the coil. 

It will be appreciated that in preferred embodiments of this type, the resonant circuit, 
including the coil and diaphragm-mounted core, constitutes both the flow parameter sensor and 

25 the transmitter of the present invention. The resonant circuit receives electrical power from the 
excitation field, without the need for a power source to be implanted with the stent. 

Alternatively, in other preferred embodiments of the present invention, the at least one 
pressure sensor may comprise a pressure sensor of any suitable type known in the art, for 
example, a piezoelectric pressure transducer. The transmitter may comprise any suitable 

30 miniature, implantable transmitter circuit known in the art. 
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In still other preferred embodiments of the present invention, the flow parameter sensor 
comprises one or more ultrasound-responsive devices, positioned along the length of or, 
preferably, at the ends of the stent. 

In some preferred embodiments of this type, the flow parameter sensor comprises a 
5 transit-time sensor, wherein the ultrasound-responsive devices comprise a pair of ultrasound 
transducers, positioned at opposite ends of the stent. A first one of the transducers, at the 
upstream end of the stent, is driven to emit ultrasound signals into the blood stream flowing 
through the stent. These signals are detected by the second transducer, at the downstream end 
of the stent, and the downstream transit time, from the first to the second transducer, is 

10 measured. Similarly, the second transducer is driven to emit ultrasound signals, the first 
transducer detects them, and the upstream transit time, from the second to the first transducer, is 
measured. As is known in the art, the difference between the upstream and downstream transit 
times is generally proportional to the speed of blood flow through the stent. The speed of blood 
flow will generally vary according to a pulsatile waveform, synchronized with the beating of the 

15 heart. Changes in this waveform may be indicative of an occlusion in or near the stent. 

In other preferred embodiments of this type, the flow parameter sensor comprises a 
Doppler flow meter. The ultrasound-responsive devices preferably comprise a miniature 
Doppler ultrasound transducer, which is fixed to the stent and generates frequency-shift signals 
indicative of blood velocity in the stent. 

20 Alternatively, the Doppler measurement may be made using a Doppler ultrasound system 

outside the body, preferably a Doppler imaging system, as is known in the art. In this case, the 
stent is preferably acoustically matched to the blood and the blood vessel, so that it does not 
impede the progress of the ultrasound system. Alternatively, only a portion of the stent is made 
transparent to ultrasound. Alternatively, the Doppler system is aimed at a location adjacent the 

25 stent, preferably, based on an image or on reflections from the stent. The ultrasound-responsive 
devices associated with the stent comprise ultrasound transponders or other ultrasound markers, 
known in the art, such as air-filled bubbles. Preferably two such devices are positioned at 
opposite ends of the stent or fixed to the blood vessel, one upstream and one downstream from 
the stent, at suitable, known distances therefrom. The Doppler ultrasound system detects the 

30 positions of the devices, thereby defining precisely the location and orientation of the stent. The 
position and orientation thus defined are used in optimally aiming a transducer of the Doppler 

7 
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system with respect to the stent to maximize the Doppler signal therefrom and/or to correct the 
Doppler measurements for the angle thus determined of the transducer relative to the stent. 

In further preferred embodiments of the present invention, the flow parameter sensor 
comprises a bioimpedance measurement device. This device comprises at least one pair of 
5 electrodes, at mutually-opposing radial positions along the length of the stent. Each such pair of 
electrodes is used to measure electrical impedance, as is known in the art, across a diameter of 
the stent at the axial position of the pair. As blood generally has substantially lower impedance 
than does plaque, an occlusion of the stent at or adjacent to the axial position of the pair will 
generally cause the impedance between the pair to increase. Thus, changes in impedance 
10 between one pair of electrodes and/or substantial variations in impedance between two such 
pairs at different axial positions along the stent may be indicative of occlusion of the stent. 

In some preferred embodiments of the present invention, the stent also includes sensors 
of other types known in the art, for example, pH and other chemical sensors, temperature 
sensors and oxygen saturation sensors. Preferably, these sensors are fabricated on or in the stent 
15 or on a preferably flexible thin film attached to the stent, more preferably using silicon 
microcircuit technology. 

As described above with regard to several of the preferred embodiments of the present 
invention, flow measurements made by the flow parameter sensor involve receiving and 
analyzing pulsatile flow-responsive signals, such as pressure signals, which are synchronized with 
20 the heart beat. Therefore, when such signals are to be received from the stent, the subject's ECG 
is preferably monitored, as well, in order to give a baseline synchronization signal. The ECG 
signal is useful in identifying the time of diastole, in order to calibrate the flow-responsive signals 
to the minimal or near-zero flow at this time. The ECG can also be used in determining a range 
of motion of the stent, relative to an externally-applied RF or magnetic field, due to the 
25 movement of the heart as it beats. 

Furthermore, in some abnormal heart conditions, blood flow in the coronary arteries is 
not properly synchronized with the heart beat, resulting in low perfusion of the heart tissue. The 
ECG can be taken together with the flow-responsive signals from the stent to identify and 
diagnose such conditions. 

30 Although the preferred embodiments described herein make reference to arterial stents, it 

will be appreciated that principles of the present invention may generally be applied to other 

8 
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types of stents, such as urinary stents for implantation in the urethra, as well as to other 
implantable flow-through devices, such as implantable cardiac-assist pumps. 

There is therefore provided in accordance with a preferred embodiment of the invention, 
implantable apparatus for measuring a fluid flow in the body of a subject, including: 
5 a stent, having a generally cylindrical radial outer wall and a central lumen; 

a flow parameter sensor fixed to the stent, which measures a parameter relating to a rate 
of blood flow through the stent; and 

a transmitter, which transmits signals responsive to the measured parameter to a receiver 
outside the body. Preferably, the flow parameter sensor includes a pair of electrodes, in 
10 communication with the lumen. Preferably, the electrodes are placed in radially-opposing 
positions along the outer wall. 

Alternatively or additionally, the flow parameter sensor measures a 
magnetohydrodynamic potential across the lumen. Alternatively or additionally, the flow 
parameter sensor measures an electrical impedance across the lumen. 
15 Alternatively or additionally, the flow parameter sensor includes at least one pressure 

sensor. Preferably, the at least one pressure sensor includes a plurality of pressure sensors along 
the length of the stent. Alternatively or additionally, the pressure sensor includes a pressure-to- 
frequency transducer. 

Preferably, the flow parameter sensor includes at least one ultrasound-responsive device. 
20 Preferably, the at least one ultrasound-responsive device includes two ultrasound transducers, 
each fixed in a known relation to a respective end of the stent. Preferably, the two ultrasound 
transducers function as ultrasound transponders. 

Alternatively or additionally, the flow parameter sensor measures a transit time of 
ultrasound signals through the stent. Alternatively or additionally, the flow parameter sensor 
25 measures a Doppler shift of ultrasound signals reflected from a fluid flowing in the lumen. 

Preferably, the transmitter further receives energy from an electromagnetic field, and 
supplies the energy to the flow parameter sensor. Alternatively or additionally, the transmitter 
includes a coil fixed to the stent. Preferably, the coil is helically-disposed within the outer wall of 
the stent, along the length thereof. Alternatively or additionally, the coil includes resilient 
30 material. 

Preferably, the flow parameter sensor includes: 

9 
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a flexible diaphragm, fixed within the outer wall of the stent so as to expand radially 
outward in response to a pressure increase in the lumen; and 

a deflection sensor, which generates signals responsive to expansion of the diaphragm. 
Preferably, the deflection sensor includes: 

a magnetic core fixed to the diaphragm; and 

an electrical coil, circumferentially surrounding the diaphragm and the coil, so that 
movement of the core due to expansion of the diaphragm causes a change in the inductance of 
the coil, responsive to the pressure increase. Preferably, the transmitter includes: 

the electrical coil; and 

circuitry coupled to the coil, having a resonant frequency dependent on the inductance of 
the coil, 

where the coil receives energy from an electromagnetic field and radiates energy 
substantially at the resonant frequency. 

In a preferred embodiment of the invention, the apparatus includes an implantable 
capsule, which supplies energy to the flow parameter sensor. Preferably, the capsule contains the 
transmitter. Alternatively or additionally, the apparatus includes memory circuitry within the 
capsule, for storing measurements made by the flow parameter sensor. 

There is also provided in accordance with a preferred embodiment of the invention a 
method for measuring blood flow in the body of a subject, including: 

implanting a stent, to which a transmitter is coupled, in a blood vessel in the body; and 

receiving signals from the transmitter, responsive to blood flow through the stent. 
Preferably, the method includes irradiating the body with an electromagnetic field, to provide 
energy to the stent. Alternatively or additionally, the method includes receiving an ECG signal 
from the subject, and using the ECG signal in analyzing the blood flow signals received from the 
transmitter. Alternatively or additionally, the method includes 

applying a magnetic field to the body in a vicinity of the stent, in a direction generally 
transverse to the flow of blood through the stent; and 

measuring an electrical potential across the stent, along a transverse axis thereof 
generally perpendicular to the direction of the magnetic field, 

where receiving signals from the transmitter includes receiving signals responsive to the 
electrical potential. 
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Alternatively or additionally, the method includes measuring a bioimpedance across the 
stent, wherein receiving signals from the transmitter includes receiving signals responsive to the 
bioimpedance. Alternatively or additionally, the method includes measuring a pressure in the 
stent, wherein receiving signals from the transmitter includes receiving signals responsive to the 
pressure. 

Additionally or alternatively, the method includes detecting ultrasonic signals from blood 
flowing in the stent, wherein receiving signals from the transmitter includes receiving signals 
responsive to the detected ultrasonic signals. Preferably, detecting ultrasonic signals includes 
measuring a transit time of ultrasound waves passing through the stent. Alternatively or 
additionally, detecting ultrasonic signals includes measuring a Doppler shift of ultrasound waves 
reflected from the blood. 

There is also provided in accordance with a preferred embodiment of the invention a 
method for measuring blood flow in a stent implanted in a blood vessel in the body of a subject, 
including: 

implanting two ultrasound markers along the blood vessel, each marker in a known 
spatial relation to a respective end of the stent; 

determining respective positions of the markers relative to an ultrasound probe; 

aligning the probe with a long axis of the stent using the determined positions of the 
markers; and 

receiving and analyzing Doppler ultrasound signals from blood flowing in the stent. 
Preferably, implanting the two ultrasound markers includes fixing the markers to the stent. 
Alternatively or additionally, implanting the two markers includes implanting two ultrasound 
transponders. Alternatively or additionally, implanting the two markers includes implanting two 
ultrasound frequency doublers. Alternatively or additionally, determining the positions of the 
markers includes forming an ultrasound image of a portion of the body that contains the stent. 

There is provided in accordance with another preferred embodiment of the invention a 
method for fabricating a stent, including: 

forming at least a portion of the stent from non-conducting material; 

fixing electronic components to the portion ; and 

printing strips of conducting material on a surface of the portion to interconnect the 
components. Preferably, the non-conducting materials include polyimide plastic. Additionally or 
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alternatively, printing the strips on the surface includes transferring an image of the strips to the 
surface by photolithography. 

There is provided in accordance with another preferred embodiment of the invention, an 
implantable stent made in the above described manner. 
5 The present invention will be more fully understood from the following detailed 

description of the preferred embodiments thereof, taken together with the drawings in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1A is a schematic, sectional illustration of a blood vessel, partly occluded by a 
stenosis; 

10 Fig. IB is a schematic, sectional illustration showing a stent, in accordance with a 

preferred embodiment of the present invention, implanted in the blood vessel of Fig. 1 A; 

Fig. 2 is a schematic, partially cutaway illustration of a stent including an electromagnetic 
flow sensor, in accordance with a preferred embodiment of the present invention; 

Fig. 3 is a schematic illustration showing a system useful in receiving and analyzing 
15 signals responsive to blood flow through the stent of Fig. 2, which is implanted in a blood vessel 
of a subject, in accordance with a preferred embodiment of the present invention; 

Fig. 4A is an electronic block diagram, schematically illustrating circuitry associated with 
the stent of Fig. 2, in accordance with a preferred embodiment of the present invention; 

Fig. 4B is an electronic block diagram, schematically illustrating circuitry associated with 
20 the stent of Fig. 2, in accordance with an alternative preferred embodiment of the present 
invention; 

Fig. 5A is a schematic illustration showing a battery-powered stent and an accompanying 
capsule, implanted in the body of a subject, in accordance with a preferred embodiment of the 
present invention; 

25 Fi g- 5B is a schematic illustration of the capsule of Fig. 5 A, showing circuitry contained 

within the capsule, in accordance with a preferred embodiment of the present invention; 

Fig. 6 is a schematic illustration of a stent including a plurality of pressure sensors, in 
accordance with a preferred embodiment of the present invention; 

Figs. 7A and 7B are schematic, sectional illustrations showing a pressure sensor 
30 comprising a flexible diaphragm within the wall of a stent, in accordance with a preferred 
embodiment of the present invention, in low-pressure (Fig. 7A) and high-pressure (Fig. 7B) 
positions; 
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Fig. 8 is a schematic electrical circuit diagram, illustrating a sensor and transceiver circuit 
for use in conjunction with the pressure sensor of Figs. 7A and 7B, in accordance with a 
preferred embodiment of the present invention; and 

Fig. 9 is a schematic illustration of a stent including ultrasound-responsive devices for 
5 use in ultrasonic measurement of blood flow through the stent, in accordance with a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Reference is now made to Fig. 1A, which is a schematic, sectional illustration of a blood 
vessel 20, generally an artery, which is partially occluded by a stenosis 22. As is known in the 

10 art, such stenoses are commonly treated by percutaneously inserting and inflating a balloon at the 
tip of a catheter (not shown in the figures) at the point of stenosis 22, so as to expand vessel 20 
approximately back to its normal diameter. Other methods of angioplasty, known in the art, may 
also be used for this purpose. 

As shown in Fig. IB, after vessel 20 has been expanded, a stent 24 is implanted in the 

15 vessel at the location of stenosis 22. Stent 24 is preferably implanted in vessel 20 by inserting 
the stent percutaneously and passing it through the vascular system with the assistance of a 
suitable catheter, as is known in the art. Alternatively, the stent may be implanted surgically, for 
example, during open heart surgery. 

In accordance with preferred embodiments of the present invention to be described 

20 below, stent 24 includes a flow parameter sensor, for sensing blood flow through the stent, and a 
transmitter, for transmitting signals from the flow parameter sensor to a receiver outside the 
body of a subject in whose blood vessel 20 stent 24 has been implanted. Stent 24 preferably 
comprises non-conducting, non-magnetic, biocompatible, plastic material, such as polyimide, as 
is well known in the art. 

25 Fig. 2 schematically illustrates, in cutaway view, a preferred embodiment of the present 

invention in which stent 24 includes circuitry 26 for electromagnetic measurement and 
transmission of blood flow. Stent circuitry 26 includes a pair of electrodes 28 and 30, 
opposingly situated on or within radial wall 32 of stent 24. Electrodes 28 and 30 are in 
electrical contact with blood passing through lumen 34 of stent 24, as illustrated particularly with 

30 regard to electrode 30. Circuitry 26 further includes a modulator 36, which is coupled to 
electrodes 28 and 30, preferably via printed wiring lines 38, which are printed onto radial wall 32 
using photolithography processes known in the art. 
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Preferably, circuitry 26 further includes a helical coil 40, which is electrically coupled to 
modulator 36. Preferably, modulator 36 comprises a frequency modulator. Coil 40 acts as an 
antenna to receive RF energy from an external source and to transmit modulated RF signals to 
an external receiver, as will be described below. The coil comprises resilient, electrically 
5 conductive material, such as medical-grade, preferably non-magnetic stainless steel, electrically 
insulated from the blood in lumen 34. Thus, coil 40 serves both as the receiving/transmitting 
antenna for circuitry 26 and as a mechanical strengthening element for stent 24. More 
preferably, coil 40 may comprise a shape memory material, such as Nitinol, which enables stent 
24 to be radially collapsed during insertion into vessel 20 and expanded when in place, as is 
10 known in the art. 

In order to measure the rate of blood flow through stent 24, a magnetic field, B, 
preferably a DC magnetic field, is applied to the area of the stent in the subject's body. As 
illustrated in Fig. 2, the magnetic field is applied in a direction transverse to the blood flow 
through the stent, indicated by arrow 42, and generally perpendicular to an axis defined by 

15 electrodes 28 and 30. This magnetic field causes a potential difference to develop and an 
electrical current to flow between electrodes 28 and 30, proportional to the blood flow rate. 
This potential difference or current is received by modulator 36, which modulates the signal 
transmitted by coil 40 so as to transmit information regarding this potential difference to a 
receiver outside the body, as will be described below. 

20 Fig. 3 is a schematic illustration showing a system for measuring the rate of blood flow 

through stent 24, which is implanted in a blood vessel of a subject 44. A pair of DC magnets 46, 
for example, Helmholtz coils, produce the magnetic field B shown in Fig. 2. Preferably, the 
magnetic field generated by magnets 46 has substantially constant field strength of at least 0.1 T 
in the region of the subject's body, so that the proportionality of the current flowing between 

25 electrodes 28 and 30 to the blood flow rate is substantially unaffected by lateral movement of the 
subject within the region. V=2?vl, where v is the velocity of the blood and 1 is the distance 
between the electrodes. Potential V develops at a direction orthogonal to B and v. Preferably, 
each time the blood flow through stent 24 is measured, the magnetic field and subject 44 are 
mutually aligned so that the potential or current measured between electrodes 28 and 30 is 

30 maximized. These maximum flow measurements are compared with previous maximum flow 
measurements, in order to eliminate or at least reduce variations in flow readings due to 
variations in the angular orientation of stent 24 relative to the field. 
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Alternatively, magnets 46 may be AC magnets, producing a time-varying magnetic field 
B. In this case, the potential or current measured between electrodes 28 and 30 will have a 
similar time variation to that of the field. This time variation may be used, as is known in the 
art, in phase-sensitive detection and analysis of the signal, so as to reduce noise and compensate 
5 for movement during the flow measurement. 

A transmitter 47 transmits an RF electromagnetic field, which is received by coil 40 in 
the stent and provides electrical energy to circuitry 26, as described above. The modulated 
signal transmitted by the coil is received by a receiver 48, which demodulates and analyzes the 
signal to determine the rate of blood flow. 

10 In general, the rate of blood flood in stent 24 will not be constant, particularly when 

blood vessel 20 in which the stent is implanted is an artery, but will rather increase and decrease 
in pulsatile fashion, in response to the beating of the subject's heart. Therefore, as shown in Fig. 
3, an ECG monitor 49 preferably detects the ECG of subject 44 while the blood flow rate is 
being measured, and ECG data are conveyed from monitor 49 to receiver 48. These data enable 

1 5 the receiver to more readily detect the pulsatile increase and decrease in the modulation of the 
signal transmitted by coil 40 and thus more accurately determine the blood flow rate. 

The ECG signals are preferably also used to identify the time of diastole, so that a 
minimum or zero-flow baseline measurement may be made at this time. Such measurements are 
preferably made and recorded over an extended period, in order to detect any drift in the 

20 baseline. 

Fig. 4A is an electrical block diagram illustrating elements and principles of operation of 
circuitry 26 described above, in accordance with a preferred embodiment of the present 
invention. Coil 40 receives energy from an external RF field at a frequency f, causing a current 
to flow between coil 40 and modulator 36. The modulator includes a power supply 50, which 

25 receives and rectifies a portion of the current flowing from the coil, so as to provide power to a 
preamplifier 52 and a mixer 56. Electrodes 28 and 30 are coupled to the inputs of preamplifier 
52, which amplifies a potential difference or a current signal generated in response to blood flow 
in lumen 34 between the electrodes. 

The amplified signal from preamplifier 52 is fed to a voltage-to-frequency converter 54, 

30 which generates a modulation frequency Af, responsive to the electrode signal. Preferably, 
converter 54 generates a non-zero baseline frequency even when the potential difference 
between electrodes 28 and 30 is substantially zero, so that receiver 48 will be able to receive and 
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measure at least a baseline signal whenever stent 24 is in the vicinity of transmitter 47 and 
receiver 48. The modulation frequency Af is fed back to mixer 56, which receives the current at 
frequency f from coil 40 and outputs a modulated current at frequency f+Af back to the coil. 
The coil re-radiates a field at frequency f+A, which is received and de-modulated by an external 
5 receiver. 

Although modulator 36 as shown in Fig. 4 A (as well as in Fig. 4B, to be described 
below) is a frequency modulator, other types of modulators, known in the art, may be used in its 
stead, for example, phase modulators, amplitude modulators and pulse width modulators. If 
modulator 36 comprises an amplitude modulator, it preferably operates by coded amplitude 

10 modulation, so as to avoid erroneous readings due to spurious amplitude variations, for example, 
resulting from variations in the orientation of stent 24 relative to receiver 48. 

Preferably, the components of modulator 36 are fabricated using microcircuit technology, 
as is known in the art. More preferably, modulator 36 comprises a single, custom-designed 
integrated circuit. Further preferably, modulator 36 or its components are assembled on a 

15 flexible thin film printed circuit, which is preferably encapsulated in or on surface 32 of stent 24. 

It will be understood that Fig. 4A represents a simplified, schematic design, and that 
other suitable circuit designs, known in the art, may be used instead. Specifically, although 
modulator 36 is shown and described as a frequency modulator, other modulation schemes 
known in the art may also be used, for example, amplitude, phase or pulse-width modulation. 

20 Fig- 4B is an electrical block diagram illustrating circuitry 26 in accordance with an 

alternative preferred embodiment of the present invention, in which electrodes 28 and 30 are 
used to detect bioimpedance across blood vessel 20, rather than magnetic-field-induced current 
or potential, as was described above. The elements of circuitry 26 shown in Fig. 4B are 
generally the same as those shown in Fig. 4 A, except that in Fig. 4B modulator 36 includes a 

25 constant-amplitude, preferably AC current source 58, connected between electrodes 28 and 30. 
The current source, which receives power from rectifier 50, causes a potential to develop 
between the electrodes proportional to an electrical impedance therebetween, in accordance with 
Ohm's law, i.e., at constant-amplitude current, the resultant amplitude of the potential gives a 
direct measure of the impedance. This potential is amplified by preamplifier 52 and input to 

30 voltage-to-frequency converter 54, as described above. 

The operation of this preferred embodiment is dependent on the difference in impedance 
that generally exists between the blood and solid substances that make up stenoses. While blood 
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is a liquid electrolyte solution having generally low impedance, stenoses typically comprise 
solidified lipids having high impedance. Referring to Fig. 1 A, it will thus be appreciated that the 
impedance measured across blood vessel 20 along axis 62, passing through stenosis 22, will be 
significantly higher than that measured along axis 64, where the vessel or stent is clear of 
stenoses. Similarly, if a stenosis has accumulated within stent 24 in between electrodes 28 and 
30, the impedance measured between the electrodes (i.e., the potential measured between the 
electrodes for a given current) will increase, relative to earlier measurements. Such an 
impedance increase can be taken to indicate that flow through the stent has been constricted. If 
the degree of constriction is known, based on the impedance increase, it can be used to correct 
calculations of flow volume through the stent to account for the constriction. 

Additional pairs of electrodes may be placed at different axial positions along the length 
of stent 24, so as to measure impedance and thus detect relative flow constriction at each of the 
positions. Such relative constriction measurements are particularly useful in follow-up 
evaluation of arterial bypass and other blood vessel grafts. 

Stent 24 may further include other sensors, of other types known in the art, for example, 
pressure sensors, as will be described in greater detail below, pH and other chemical sensors, 
temperature sensors and oxygen saturation sensors. Preferably, these sensors are fabricated on 
or in the stent using silicon microcircuit technology and are integrated with circuitry 26, so that 
signals from the sensors are transmitted by coil 40 to receiver 48 along with the flow-related 
signals. 

In the preferred embodiments illustrated by Figs. 3, 4 A and 4B, circuitry 26 receives 
electrical power only from external transmitter 47. Stent 24 includes no power source of its 
own, and circuitry 26 is inactive except when in a vicinity of operating transmitter 47. 

In other preferred embodiments of the present invention, however, electrical power is 
supplied to circuitry 26 by a battery. The battery is preferably built into stent 24, and more 
preferably is contained within modulator 36. In this case, circuitry 26 can provide a continuous 
reading of flow through the stent, by measurement of bioimpedance, for example, as described 
above, or by means of other measurement methods to be described below. Alternatively, 
circuitry 26 may read the flow intermittently in single measurements or short bursts, preferably at 
regular intervals or alternatively, triggered by an outside signal applied to the circuitry. This 
autonomous-reading stent is preferably used in conjunction with a receiver on or adjacent to the 
subject's body so as to provide a continuous or intermittent record of flow through the stent, as 
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well as other parameters measured by additional sensors, as described above. It may be 
particularly useful in monitoring the subject's status during the period immediately following 
stent implantation, for a time as long as the useful life of the battery. 

Fig. 5A illustrates schematically an alternative preferred embodiment of the present 
invention, wherein the battery is contained in a separate compartment, preferably in a capsule 70 
implanted under the skin of subject 44, similar to capsules known in the art for use in 
conjunction with cardiac pacemakers, for example. Capsule 70 is connected by wires 72 to stent 
24. 

Fig. 5B is a schematic illustration showing elements contained in capsule 70, in 
accordance with a preferred embodiment of the present invention. Capsule 70 contains all or a 
portion of the elements of modulator 36, as well as an antenna 74 for transmitting signals to a 
receiver outside the body, such as receiver 48, in place of coil 40. The battery is preferably a 
rechargeable battery 76, and the capsule includes inductive recharging circuitry 78, as is known 
in the art. Battery 76 is recharged by application of an external electromagnetic field to capsule 
70, from which energy is received by antenna 74 and is rectified and supplied to the battery by 
circuitry 78. 

Capsule 70 may further include memory 80, coupled to modulator 36, for receiving and 
storing data regarding blood flow through stent 24 and other parameters. Memory 80 preferably 
preserves a continuous record of the data, which record is then transmitted to the receiver 
outside the body upon command. It will be understood that battery 76 is connected to provide 
electrical power to modulator 36 and memory 80, as well as to stent 24, although these 
connections are not shown in Fig. 5B for the sake of simplicity of illustration. 

In the preferred embodiments described above, blood flow through stent 24 is measured 
by sensing electrical characteristics related to the flow. In other preferred embodiments of the 
present invention, however, the flow sensing function of the stent is accomplished by measuring 
other flow-related parameters, such as fluid pressure. In accordance with well-known principles 
of fluid dynamics, upstream of an occlusion in a blood vessel, the pressure will be high. In the 
area of the occlusion and downstream therefrom, the pressure decreases. Pressure variations 
may thus be used as indicators of corresponding variations in flow rate. 

It will be appreciated that pressure within a blood vessel, and particularly within an 
artery, is generally not constant, but rather varies in pulsatile fashion, driven by the beating of the 
heart. Therefore, wherever pressure measurements or pressure comparisons are described in the 
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context of the present patent application, they will be generally understood to refer to 
measurements or comparisons of systolic (peak) pressure or, preferably, of the difference 
between systolic and diastolic pressures at a given location along the blood vessel or stent. In 
some preferred embodiments of the present invention, however, pressure measurements are 
5 made at higher sampling rates, for example, at intervals of a few milliseconds, so that pressure 
waveforms may be derived and compared. 

Fig. 6 is a schematic illustration showing stent 24 in accordance with a preferred 
embodiment of the present invention based on pressure measurement. A plurality of pressure 
sensors 84 are placed at different axial positions along the length of the stent, so as to measure 
10 the pressure at each of the positions. Variations in pressure from one sensor to another, or 
variations over time in the difference between systolic and diastolic pressures at one or more of 
the sensors, may generally be indicative of the development and growth of occlusions in lumen 
34 of stent 24. 

Sensors 84 are coupled to modulator 36, and the pressure measurements made by the 

15 sensors are transmitted to a receiver outside the body, as described herein with regard to other 
preferred embodiments. Sensors 84 may comprise any suitable type of pressure sensors known 
in the art, for example, piezoelectric sensors or, alternatively, micro-machined silicon strain 
gages, such as produced by Lucas Novasensor of Fremont, California. 

Figs. 7A and 7B schematically illustrate, in sectional view, a portion of stent 24 in 

20 accordance with a preferred embodiment of the present invention in which pressure sensor 84 
comprises a moving diaphragm-type sensor. Multiple sensors of this type may preferably be 
placed along the length of stent 24, as described above. Fig. 7A shows sensor 84 during 
diastole, at relatively low pressure inside lumen 34, and Fig. 7B shows the sensor during systole, 
at increased pressure and flow rate, as indicated schematically by arrow 90. 

25 Sensor 84 comprises a flexible diaphragm 92, comprising, for example, silicone rubber or 

other biocompatible, resilient material known in the art, fixed within wall 32 of stent 24. 
Diaphragm 92 is surrounded circumferentially by an inductance coil 94, which is electrically 
coupled to elements of modulator 36 to form a resonant circuit having a characteristic frequency 
dependent on the inductance of the coil, as will be described below. A ferrite core 98 is fixed to 

30 diaphragm 92, within coil 94. All the elements of sensor 84 and associated circuitry are 
preferably fabricated on or within wall 32 using methods of microcircuit and/or thin film 
technology known in the art. A cap 95 preferably covers the elements of sensor 84 and ensures 
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that diaphragm 92 may expand outward without encountering resistance from the blood vessel in 
which stent 24 is implanted. 

As shown in Fig. 7B, during systole, diaphragm 92 expands radially outwards with 
respect to wall 32, thus displacing ferrite 98 relative to coil 94 by a distance proportional to the 
5 pressure increase. This displacement causes a proportional change in the inductance of the coil, 
which alters the characteristic frequency of the resonant circuit. A receiver outside the body of 
the subject, such as receiver 48 (shown in Fig. 3), receives signals transmitted by stent 24 and 
analyzes frequency changes in the signals, in order to measure the pressure change at sensor 84. 
Alternatively, a strain gauge, as is known in the art, may be mounted on diaphragm 92, 
10 so as to generate signals responsive to the displacement of the diaphragm. 

Fig. 8 is a schematic diagram illustrating a resonant oscillator circuit 100 including coil 
94 and elements of modulator 36, for use in conjunction with sensor 84 shown in Figs. 7 A and 
7B, in accordance with a preferred embodiment of the present invention. Circuit 100 is a tunnel 
diode oscillator circuit, as is known in the art, and comprises, in addition to coil 94, capacitors 
15 102 and 104 and a tunnel diode 106, suitably biased so as to operate in a negative resistance 
regime, as is known in the art. Capacitors 102 and 104 have respective capacitances C\ and C2, 
wherein s 0.1 |jF, and C 2 s 0.1 nF. Coil 94 preferably includes 10-30 turns of diameter 1 
mm, so that its baseline inductance Lq (assuming ferrite core 98 to be centered in the coil) is 
approximately 2-3 jxH. 

20 In the absence of displacement of ferrite 98, circuit 100 oscillates at a baseline resonant 

frequency fo given generally by: 

25 wherein C is the total capacitance of the circuit. Coil 94 radiates at this frequency. When the 
pressure in lumen 34 increases, as shown in Fig. 7B, ferrite 98 will be displaced by a distance 
AX, as described above, and the inductance will consequently change by an proportional amount 
AL. As a result, the resonant frequency of circuit 100, at which coil 94 radiates, will vary by an 
increment Af, given approximately by: 

30 
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Af = ±CALf 0 (2) 



Fig. 9 schematically illustrates, in sectional view, still another preferred embodiment of 
the present invention, in which stent 24 includes ultrasound transducers 112 and 114 at 
5 respective downstream and upstream ends of the stent, for use in measuring the rate of blood 
flow through lumen 34. Preferably, transducers 112 and 114 are contained within wall 32 of 
stent 24, in communication with the lumen. Alternatively, transducers 112 and 114 may be 
separate from stent 24 and held in place at respective positions along a blood vessel in which the 
stent is implanted, each of the transducers at a known distance from its respective end of the 
10 stent. 

Further preferably, as shown in Fig. 9, transducers 1 12 and 1 14 are coupled to circuitry 
110, which serves some or all of the functions of receiving energy from an external source, as 
described above, driving the transducers, receiving flow-responsive signals from the transducers, 
and transmitting the signals to an external receiver. 

15 I n one preferred embodiment of the present invention, circuitry 110 and transducers 112 

and 1 14 function as a transit-time flow meter. Circuitry 1 10 drives downstream transducer 1 12 
to emit ultrasonic waves into lumen 34. These waves are received by upstream transducer 1 14, 
after an upstream transit time dependent on the (fixed) distance between the two transducers and 
the velocity of blood flow through the lumen. Similarly, transducer 114 is driven to emit and 

20 transducer 112 receives, after a downstream transit time, ultrasonic waves. The difference 
between the longer upstream and the shorter downstream transit times is indicative of the blood 
flow velocity in lumen 34. 

In another preferred embodiment of the present invention, circuitry 1 1 0 and at least one 
of transducers 1 12 and 1 14 function as a Doppler ultrasound flow meter. Preferably, the at least 

25 one of transducers 112 and 114 is aimed inward, into lumen 34, so as to emit and receive 
ultrasonic waves primarily along respective radiation axes at predetermined, acute angles to the 
longitudinal axis of stent 24. The Doppler frequency shift of the waves received by the at least 
one of the transducers is indicative of the blood flow velocity in the lumen adjacent to the 
transducer. 

30 Preferably, measurements of blood flow velocity, in accordance with preferred 

embodiments of the present invention illustrated by Fig. 9, are repeated periodically over an 

extended period of time. Increased flow velocity measured by one of the transducers 1 12 or 114 
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will generally indicate that there is an occlusion developing in the stent or the blood vessel 
upstream of the transducer, whereas decreased flow velocity may indicate an occlusion 
developing downstream. Any significant difference between the velocities measured by 
transducers 1 12 and 1 14 will generally be indicative of an occlusion developing within stent 24. 
5 In still another preferred embodiment of the present invention, the Doppler ultrasound 

measurement of blood flow velocity in and near stent 24 is made using an external Doppler 
ultrasound system, preferably a Doppler imaging system, as is known in the art. Operation of 
such systems is frequently hampered by the difficulty of aligning and maintaining alignment of an 
external ultrasound probe, associated with the Doppler system, with the stent and/or blood 
10 vessel of interest. Furthermore, frequently inaccuracy is introduced in the Doppler 
measurements of blood flow velocity, due to uncertainty as to the angle of the probe relative to 
the axis of the stent. 

Therefore, in this preferred embodiment, transducers 112 and 114 function as ultrasonic 
transponders, thus serving as fiduciary marks so that a user of the external Doppler system can 

15 locate exactly the ends of stent 24 and determine the probe's angle relative to the stent axis. The 
fiduciary marks enable the user to align the probe for optimal signal/noise ratio and to maintain 
proper alignment even if the subject or his internal organs shift during measurement. Preferably, 
the transponders operate as frequency doublers, as are known in the art, so as to mark the ends 
of the stent more clearly. Alternatively, the transponders may be replaced by other types of 

20 ultrasound markers, such as hollow bubbles, that give sharp peak reflections, as are known in the 
art. 

It will further be appreciated, based on the preferred embodiments described above, that 
stents in accordance with the present invention may advantageously used for both short-term, 
generally continuous monitoring and long-term, intermittent monitoring of flow through the 
25 stent. In short-term monitoring, flow-responsive signals may be received from the stent to 
observe changes in blood flow during exercise, for example. In long-term monitoring, 
successive measurements over a period of time may be stored and compared, in order to follow 
changes in an occlusion upstream, downstream or within the stent. 

It will also be understood that the preferred embodiments described above are cited by 
30 way of example, and the full scope of the invention is limited only by the claims. 
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CLAIMS 

1 . Implantable apparatus for measuring a fluid flow in the body of a subject, comprising: 
a stent, having a generally cylindrical radial outer wall and a central lumen; 

a flow parameter sensor fixed to the stent, which measures a parameter relating to a rate 
5 of blood flow through the stent; and 

a transmitter, which transmits signals responsive to the measured parameter to a receiver 
outside the body. 

2. Apparatus according to claim 1, wherein the flow parameter sensor comprises a pair of 
electrodes, in communication with the lumen. 

10 3. Apparatus according to claim 2, wherein the electrodes are placed in radially-opposing 
positions along the outer wall. 

4. Apparatus according to claim 1, wherein the flow parameter sensor measures a 
magnetohydrodynamic potential across the lumen. 

5. Apparatus according to claim 1, wherein the flow parameter sensor measures an 
15 electrical impedance across the lumen. 

6. Apparatus according to claim 1, wherein the flow parameter sensor comprises at least 
one pressure sensor. 

7. Apparatus according to claim 6, wherein the at least one pressure sensor comprises a 
plurality of pressure sensors along the length of the stent. 

20 8. Apparatus according to claim 6, wherein the pressure sensor comprises a pressure-to- 
frequency transducer. 

9. Apparatus according to claim 1, wherein the flow parameter sensor comprises at least 
one ultrasound-responsive device. 

10. Apparatus according to claim 9, wherein the at least one ultrasound-responsive device 
25 comprises two ultrasound transducers, each fixed in a known relation to a respective end of the 

stent. 

11. Apparatus according to claim 10, wherein the two ultrasound transducers function as 
ultrasound transponders. 
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12. Apparatus according to claim 9, wherein the flow parameter sensor measures a transit 
time of ultrasound signals through the stent. 

13. Apparatus according to claim 9, wherein the flow parameter sensor measures a Doppler 
shift of ultrasound signals reflected from a fluid flowing in the lumen. 

5 14. Apparatus according to any of the preceding claims, wherein the transmitter further 
receives energy from an electromagnetic field, and supplies the energy to the flow parameter 
sensor. 

15. Apparatus according to any of claims 1-13, wherein the transmitter comprises a coil fixed 
to the stent. 

10 16. Apparatus according to claim 15, wherein the coil is helically-disposed within the outer 
wall of the stent, along the length thereof. 

17. Apparatus according to claim 15, wherein the coil comprises resilient material. 

18. Apparatus according to any of claims 1-13, wherein the flow parameter sensor 
comprises: 

15 a flexible diaphragm, fixed within the outer wall of the stent so as to expand radially 

outward in response to a pressure increase in the lumen; and 

a deflection sensor, which generates signals responsive to expansion of the diaphragm. 

19. Apparatus according to claim 18, wherein the deflection sensor comprises: 
a magnetic core fixed to the diaphragm; and 

20 an electrical coil, circumferentially surrounding the diaphragm and the coil, so that 

movement of the core due to expansion of the diaphragm causes a change in the inductance of 
the coil, responsive to the pressure increase. 

20. Apparatus according to claim 19, wherein the transmitter comprises: 
the electrical coil; and 

25 circuitry coupled to the coil, having a resonant frequency dependent on the inductance of 

the coil, 

wherein the coil receives energy from an electromagnetic field and radiates energy 
substantially at the resonant frequency. 

21. Apparatus according to any of claims 1-13 and comprising an implantable capsule, which 
30 supplies energy to the flow parameter sensor. 
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22. Apparatus according to claim 21, wherein the capsule contains the transmitter. 

23. Apparatus according to claim 21, and comprising memory circuitry within the capsule, 
for storing measurements made by the flow parameter sensor. 

24. A method for measuring blood flow in the body of a subject, comprising: 

5 implanting a stent, to which a transmitter is coupled, in a blood vessel in the body; and 

receiving signals from the transmitter, responsive to blood flow through the stent. 

25. A method according to claim 24, and comprising irradiating the body with an 
electromagnetic field, to provide energy to the stent. 

26. A method according to claim 24, and comprising receiving an ECG signal from the 
10 subject, and using the ECG signal in analyzing the blood flow signals received from the 

transmitter. 

27. A method according to any of claims 24-26, and comprising: 

applying a magnetic field to the body in a vicinity of the stent, in a direction generally 
transverse to the flow of blood through the stent; and 
15 measuring an electrical potential across the stent, along a transverse axis thereof 

generally perpendicular to the direction of the magnetic field, 

wherein receiving signals from the transmitter comprises receiving signals responsive to 
the electrical potential. 

28. A method according to any of claims 24-26, and comprising measuring a bioimpedance 
20 across the stent, wherein receiving signals from the transmitter comprises receiving signals 

responsive to the bioimpedance. 

29. A method according to any of claims 24-26, and comprising measuring a pressure in the 
stent, wherein receiving signals from the transmitter comprises receiving signals responsive to 
the pressure. 

25 30. A method according to any of claims 24-26, and comprising detecting ultrasonic signals 
from blood flowing in the stent, wherein receiving signals from the transmitter comprises 
receiving signals responsive to the detected ultrasonic signals. 

31. A method according to claim 30, wherein detecting ultrasonic signals comprises 
measuring a transit time of ultrasound waves passing through the stent. 
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32. A method according to claim 30, wherein detecting ultrasonic signals comprises 
measuring a Doppler shift of ultrasound waves reflected from the blood. 

33. A method for measuring blood flow in a stent implanted in a blood vessel in the body of a 
subject, comprising: 

5 implanting two ultrasound markers along the blood vessel, each marker in a known 

spatial relation to a respective end of the stent; 

determining respective positions of the markers relative to an ultrasound probe; 

aligning the probe with a long axis of the stent using the determined positions of the 
markers; and 

10 receiving and analyzing Doppler ultrasound signals from blood flowing in the stent. 

34. A method according to claim 33, wherein implanting the two ultrasound markers 
comprises fixing the markers to the stent. 

35. A method according to claim 33, wherein implanting the two markers comprises 
implanting two ultrasound transponders. 

15 36. A method according to claim 33, wherein implanting the two markers comprises 
implanting two ultrasound frequency doublers. 

37. A method according to any of claims 33-36, wherein determining the positions of the 
markers comprises forming an ultrasound image of a portion of the body that contains the stent. 

38. A method for fabricating a stent, comprising: 

20 forming at least a portion of the stent from non-conducting material; 

fixing electronic components to the portion ; and 

printing strips of conducting material on a surface of the portion to interconnect the 
components. 

39. A method according to claim 38, wherein forming the device from non-conducting 
25 material comprises forming the device from polyimide plastic. 

40. A method according to claim 38, wherein printing the strips on the surface comprises 
transferring an image of the strips to the surface by photolithography. 

41. An implantable device fabricated using a method according to any of claims 38-40. 
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